Abstract: Manganese (II) ions were substituted for Ca 2+ ions at the Ca(4) and Ca(5) sites located in the A column of the β-tricalcium phosphate (β-TCP) crystal structure, and effects of additions of Mn 2+ ions on proliferation and differentiation of osteoblasts were examined using mouse MC3T3-E1 osteoblast-like cells. The X-ray diffraction patterns of β-TCP doped with manganese (II) ions (Mn-β-TCP) indicated the formation of β-TCP solid solution to 13.64 mol%. MC3T3-E1 cells attached on Mn-β-TCP well proliferated compare to those on β-TCP. In particular, Mn-β-TCP doped with 3 mol% showed the most excellent cell proliferation and the highest ALP activity level. We consider that the new bone formation may be promoted by dissolution of calcium ions and manganese ions from Mn--TCP. The present Mn-β-TCP is expected as an implant biomaterial with enhanced bioactivity.
INTRODUCTION
The use of synthetic calcium phosphate ceramics as substitutes for bone in orthopedics and oral surgery is becoming increasingly widespread 1 . However, the solubility of one such ceramic, hydroxyapatite (HAp), has been difficult to control, and solubilized HAp remains in the body. Tricalcium phosphate (TCP) is a type of bio-absorbed ceramic, and β-TCP has been shown to be directly applicable as artificial bone and bone cement 2, 3 . However, new bone formation and bone resorption of β-TCP is inferior to that of HAp 4 , and bone metabolism occurs at sites containing β-TCP. In order to solve these problems, β-TCP crystal structures have been designed with the substitution of metal ions. The unit cell of β-TCP has two columns (A and B). The Ca(4) site (occupancy: 0.5) of the A column has a vacancy 5 ; the Ca(4) site has three coordination sites and significant flexibility 5 . Many metal ions are involved in bone metabolism, and bioessential trace elements such as zinc and manganese activate bone metabolism 6 . As previously reported, zinc ions have stimulatory effects on bone formation as well as an inhibitory effect on osteoclastic bone resorption 4 . β-TCP substituted with zinc ions (Zn-β-TCP) has been shown to inhibit osteoclast formation and activate osteoblasts. Bone metabolism promotes interaction between osteoblasts and osteoclasts. An intramuscular injection of Zn-β-TCP powder has been shown to be effective in increasing bone mineral density in the vicinity of the injection site in osteopenic animals 7 . Manganese (II) is a divalent ion like zinc. Clinical investigation of the effects of manganese on bone resorption has shown that manganese (II) ions affect bone metabolism. Manganese (II) ions are essential for the development of normal bones and the prevention of perosis in chicks 8 . Manganese-deficient chicks exhibited reduced alkaline phosphatase (ALP) activity 9, 10 . Osteoblast differentiation is accompanied by activation of osteoblast markers such as ALP and type I collagen (COL-I) 11, 12 . Manganese (II) ions also affect bone metabolism. Zinc ions affect DNA and RNA function, 13 whereas manganese (II) ions affect RNA 14 . For example, manganese (II) ions control the activities of DNA-dependent RNA polymerases I and II isolated from rabbit bone marrow erythroid cell nuclei 15 . In the experiments reported here, manganese (II) ions were substituted for Ca ions of β-TCP (Mn-β-TCP), and the obtained samples were evaluated using mouse MC3T3-E1 osteoblast-like cells.
MC3T3-E1 cells of clonal osteogenic cells were first established from newborn mouse calvaria 15, 16 . These cells can differentiate into osteoblasts and osteocytes and form calcified bone tissue in vitro 15 . MC3T3-E1 cells have been used previously to test bioceramics 17 . We used MC3T3-E1 cells to test β-TCP bioceramics with different amounts of substituted manganese (II) ions (0, 3, 6, 9.09, and 13.64 mol%).
MATERIALS AND METHODS
β-TCP powders doped with manganese (II) ions were synthesized by a solid-state reaction. CaHPO 4 ·2H 2 O (Kishida Chemical, Osaka, Japan), CaCO 3 (Kishida Chemical), and MnCO 3 (Kishida Chemical) were used as starting materials. MnCO 3 was added to substitute Mn 2+ ions at the Ca(4) site and Ca(5) site in the β-TCP crystal structure up to 13.64 mol%. The stoichiometric composition of β-TCP was considered as Ca 21 □(PO 4 ) 14 , with □ representing the vacancy (cation site: 4.55 mol%). The (Ca+Mn+□)/P molar ratio was constant at 1.571 and the added amount of manganese was indicated as Mn (mol%) = Mn/(Ca+Mn+□). Starting materials were mixed using Al 2 O 3 ball milling. The mixtures were heated at 1000 C for 12 h in air. After the resulting powders were crushed using a mortar, the crystalline phases were investigated using an X-ray powder diffractometer with a rotating anode X-ray tube (RINT-1500; Rigaku, Tokyo, Japan). The lattice constants for the rhombohedral unit cell (R3c) in the hexagonal setting were also determined using an X-ray powder diffractometer. Constants were refined by the least-squares method using silicon powder as an external standard and using specialized software (RINT/DMAX-2000 Ver. 4.000, Rigaku). The reflection planes (1 1 1), (2 2 0), (3 1 1), and (4 0 0) of silicon and (2 0 10), (2 1 8), (2 2 0), (3 2 8), and (2 0 20) of β-TCP were used to calculate the lattice constants. The obtained powder samples were hot-pressed at 1100 C, 30 kN for 1 h in Ar (High multi 5000; Fujidenpa Kyogo Co., Ltd., Osaka, Japan), and then, the sintered samples were analyzed by obtaining scanning electron microscopy (SEM: Keyence VE-7800, gold coating: Finecort Fc 1100, Co, Ltd., Osaka, Japan) images and measuring the contact angle (Simage mini #800: Excimer Inc., Kanagawa, Japan). Mouse MC3T3-E1 osteoblast-like cells, established from newborn mouse calvaria, were obtained from RIKEN Cell Bank (Tsukuba, Japan). Cells were cultured in minimal essential medium- (Wako Pure Chemical Industries, Ltd., Osaka, Japan) containing 10% fetal bovine serum (Invitrogen Japan K. K., Ltd., Tokyo, Japan) and 1 % antibiotic (Wako Pure Chemical Industries, Ltd.) under a 5 % CO 2 atmosphere at 37 C. Mn-β-TCP (0-13.64 mol%) was transferred to the wells of a 48-well plate (Greiner Bio-One Co., Ltd., Tokyo, Japan) that were then sterilized with 70% ethanol. MC3T3-E1 cells (1  10 4 cellsml -1 ) diluted in 500 l culture medium were then added to each well. Cells were seeded into the samples at the same time, and differentiation was induced using 6 mM β-glycerophosphate (Wako Pure Chemical Industries, Ltd.) and 10 -7 M dexamethasone (Sigma-Aldrich, Ltd., Tokyo, Japan).
Adherent cells were enumerated using a counting chamber. ALP activity and COL-I mRNA were used as markers of differentiation. ALP levels were measured using a LabAssay TM ALP kit (Wako Pure Chemical Industries, Ltd.). COL-I mRNA was detected using reverse transcription-polymerase chain reaction (RT-PCR). Total RNA was extracted from cultured cells using the GenElute™ Mammalian Total RNA Miniprep kit (Sigma-Aldrich, Ltd.) and cDNA was synthesized using the One Step PCR kit (Takara Bio Inc., Siga, Japan). The primers used and the sizes of amplified products were as follows: GAPDH 5′ -ACC ACA GTC CAT GCC ATC AG-3′ (sense) and 5′-TCC ACC ACC CTG TG CTG TA-3′ (antisense), 454 bp; and COL-I 5′-GAA CTT GGG GCA AGA CAG TCA-3′ (sense) and 5′-GTC ACG TTC AGT TGG TCA A-3′ (antisense), 333 bp.
RESULTS AND DISCUSSION
FIGURE 1 shows the X-ray diffraction (XRD) patterns of Mn-β-TCP doped with 0-13.64 mol% Mn (II) ions. All samples showed the diffraction patterns of the β-TCP structure. When Mn 2+ ions were substituted for Ca 2+ ions in β-TCP, the diffraction patterns shifted to a higher angle. FIGURE 2 shows the lattice parameters of the samples. The lattice parameter of the a-axis of Mn-β-TCP decreased with an increase in the Mn 2+ ion content. On the other hand, the c-axis of Mn-β-TCP decreased with an increase in ≤9.09 mol% Mn-β-TCP, and then increased with an increase in ≤13.64 mol% Mn-β-TCP. We surmised that Mn 2+ ions were substituted for Ca 2+ ions until the additive amount of 13.64 mol% Mn 2+ ions was achieved in the β-TCP crystal structure. The radius of the Mn 2+ ion is smaller than that of the Ca 2+ ion. The β-TCP crystal structure has two columns: the A column has a Ca(4) site and a Ca(5) site. Divalent metal ions are substituted for the Ca(5) site up to 9.09 mol% and then for the Ca(4) site up to 13.64 mol% 5 . Thus, we considered that Mn 2+ ions were substituted with priority for the Ca(5) site up to 9.09 mol% and then for the Ca(4) site up to 13.64 mol%. The abovementioned substitution of Mn 2+ ions showed the same action as the substitution of Mg 2+ ions in a previously reported study 18 . We fabricated the sintered bodies of Mn-β-TCP samples by hot pressing. The Mn-β-TCP samples had high sinterability, and the relative density of these sintered samples increased (porosity: ≤3%).
The surface of the sintered samples imaged by SEM and the contact angles are shown in FIGURE 3 and TABLE 1, respectively. Open pores were not observed on the surface of the sintered samples. The contact angle of these samples for the cell test was determined after polishing by #800 emery paper. Open pores on the surface were not observed in the SEM images of these samples, and the contact angles were not significantly different, except for that in the 13.64 mol% Mn-β-TCP. In addition, ALP activity levels of the samples were high at 3 h after seeding (FIGURE 5). The ALP activity levels of 3 mol% Mn-β-TCP were higher than those of β-TCP, or of 6, 9.09, and 13.64 mol% Mn-β-TCP. These results show the effect of Ca 2+ ions.
In the presence of cellular Ca 2+ , the activity of 3 mol% Mn-β-TCP was higher than that of 6, 9.09, and 13.64 mol% Mn-β-TCP.
The ALP activity of the 3-h cultivated sample was highest, and all ALP activities decreased with an increase in cultivation time. In addition, in a short-term cultivation experiment, the ALP activity of the cultivation sample was highest at 12 h (data not shown). Manganese ions have been shown to affect ALP and COL-I gene expression in osteoblasts 11, 12 . These results confirm the expression of the COL-I gene in these cells. Moreover, FIGURE 6 shows cDNA expression of MC3T3-E1 cells on 0-13.64 mol% Mn-β-TCP at 3 h. The COL-I cDNA concentrations in cells growing on 3 and 6 mol% Mn-β-TCP were higher than those for the other samples. RNA concentrations were highest on 6 mol% Mn-β-TCP. Reportedly, small amounts of manganese (II) ions in β-TCP act on mitochondria and activate RNA synthesis 19, 20 .
CONCLUSION
XRD patterns indicated that manganese (II) ions were substituted for calcium ions in β-TCP crystal structures. Proliferation and differentiation of MC3T3-E1 cells on Mn-β-TCP were better than those on β-TCP. COL-I expression increased in MC3T3-E1 cells on Mn-β-TCP. Thus, β-TCP doped with 3-6 mol% Mn 2+ ions may support new bone formation. The present Mn-β-TCP is expected as an implant biomaterial with enhanced bioactivity.
